Making Prussian blue analogues nanoparticles luminescent: effect of the luminophore confinement over the properties. Multifunctional molecular materials are systems combining several physical or chemical properties. [START_REF] Ouahab | Multifunctional molecular materials[END_REF] Such smart systems have attracted a great deal of attention not only from a fundamental point of view, but also due to their future technological applications. During the last two decades, advances have been made by combining magnetic properties with optical or nonlinear activity, 2 conductivity, 3 porosity, 4 electron switching or ferroelectricity. [5][6] Moreover and despite the frequent emission quenching activated by paramagnetic transitions metal ions, many efforts have been recently devoted to the synthesis of molecule-based magnets exhibiting photoluminescence.
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Another aspect of multifunctional molecular materials, which has attracted a high interest in the recent decade, consists in their controlling design at the nanoscale. In this line of thought, two families of multifunctional molecular materials, well known as Metal-Organic Frameworks (MOF), 10,11 and Prussian Blue Analogues (PBA) nano-objects, have been developed. The latter constitutes an exciting class of inorganic nanosystems [12][13] made from transition metal ions assembled by cyano ligands into a 3D porous structure of general formula A x M[M'(CN) 6 ] y  z (A is a monovalent cation, M and M' are transition metal ions,  represents the cyanometallate vacancies). In addition to the advantages relative to their molecular nature, such as optical transparency, low density or soft synthetic routes; they present numerous assets: (i) a versatility of chemical compositions giving rise to various properties (magnetism, optics, conductivity) that may be adjusted by the careful choice of the metal ions; (ii) a porous structure that may be used to encapsulate various species; (iii) their chemical robustness towards various media making them particularly adapted for future applications. Surprisingly, although efforts have been conducted to render these nanosized PBA multifunctional, mainly for their possible use in various applications, 13 combination with luminescent probes remains almost unexplored. The association of magnetism and luminescence in nanosized PBA could be highly interesting both from a fundamental point of view to study the synergy between the two properties as for potential applications in sensors, biology and electronics to name a few.

To our knowledge, the only examples reported in the literature consist in Mn-doped Prussian Blue (PB) nanoparticles whose surface was functionalized with the fluorescent avidin or core@shell made of polypyrrole@PB nanoparticles. [14][15] On the other hand, while the adsorption of guest luminophores is one of the most powerful strategies to render MOF luminescent, [16][17][18][19] it has never been applied to PBA systems. In this sense, we report here the post-synthetic functionalization of magnetic

K + /Ni 2+ /[Cr(CN) 6 ]
3 PBA nanoparticles by a 2-aminoanthracene (AA) luminophore to yield a bifunctional magneto-luminescent nanosystem. Both, magnetic and photoluminescent properties were investigated and combined with molecular simulations to determine the adsorption mechanism.

Our strategy to implement luminescence in magnetic PBA nanoparticles takes advantage of the great flexibility of this coordination framework and uses a two-step approach consisting in the synthesis of the surface free

K + /Ni 2+ /[Cr(CN) 6 ]
3 nanoparticles and their post-synthetic functionalization with AA. This PBA was chosen owing to its interesting magnetic properties (a relatively high Curie temperature around 65 K) and the absence of absorption bands in the visible region of the electronic spectrum to avoid the quenching of the guest's luminescence. On the other hand, the AA luminophore was selected due to: i) the presence of a donor amine function that allows its anchorage via the formation of hydrogen or coordination bonds to the Ni 2+ metal ions located close to the cyanometallate vacancies; ii) its suitable molecular size that can fit into cavities generated by the hexacyanochromate vacancies; iii) its green colour emission upon various excitation wavelengths ranging from 300 to 450 nm, 20 which makes it widely used in applications, such as reagents and assay kits. Subsequently, the obtained nanoparticles were dispersed in an ethanol solution containing the AA luminophore and further reacted for 24 h to give K 0.04 Ni[Cr(CN) 6 ] 0.60 @(AA) 0.18 •3.8H 2 O (1@AA) as a brown-yellow solid (Fig. 1b). The resulting functionalized nanoparticles were thoroughly washed with ethanol and next dialyzed to fully remove any physisorbed AA moieties.

The pristine nanoparticles 1 exhibit the characteristic structural features of the bulk PBA, namely a stretching cyanide ν(Cr III -CN-Ni II ) band located at 2173 cm -1 in the FT-IR spectra (Fig. S1), as well as its Powder X-Ray Diffraction Pattern showing the typical fcc structure with a lattice parameter a = 10.44 Å (Fig. S2). The crystallite size obtained from the Scherrer law is equal to 55 nm (d 200 reflection) and is in good accordance with the mean diameter of 65 ± 6 nm of the cubic nanoparticles determined by Transmission Electronic Microscopy (TEM) (Fig. S3). The post-synthetic functionalization of K + /Ni 2+ /[Cr III (CN) 6 ] 3 giving 1@AA is confirmed by the FT-IR spectrum, which shows the typical vibrations bands of the luminophore in the 600-1700 cm 1 region (Fig. S1). Elemental and thermogravimetric (TGA) analyses (Fig. S4) allow the determination of the AA and water content giving the formula 1@AA as K 0.04 Ni[Cr(CN) 6 ] 0.60 @(AA) 0.18 •3.8H 2 O. This corresponds to a loading capacity (defined as the amount of AA divided by the total nanoparticle weight) of 11.9 wt%. Since PBA incorporate both, coordinated and zeolitic water molecules, the slight difference in the water content for 1 and 1@AA may originate from either, the adsorption of AA, as observed for Cs + adsorption, 22 or from different number of zeolitic water molecules before and after functionalization. Yet, TGA indicates that the decomposition of the fluorophore in 1@AA occurs in the temperature range 325-400°C, slightly greater that of the PBA (300-325°C). Remarkably, this remains much higher than the decomposition temperature of AA at 200°C, suggesting that in 1@AA, the luminophore AA is efficiently protected within the porosity. Additional characterisations show that: i) 1@AA retain their initial structure, shape and size (Fig. 1d, Fig. S1-S2); ii) unreacted AA crystallites are not present at the particles surface (Fig. S5); iii) 1 and 1@AA have an identical zeta-potential, which indicates a similar surface state (Table S1). All these data suggest that AA is localized within the porosity of the PBA rather than anchored at the nanoparticles' surface. Additionally, the saturation capacity obtained by Monte Carlo simulations taking the hypothesis of the AA loading in an empty structure is estimated at 4.50 AA molecules per unit cell, which is higher than the experimental value of 0.72. This corresponds to a loading capacity of 74.4 wt% to compare with the experimental one of 11.9 wt%. However, this theoretical capacity was obtained without taking into account the presence of solvent molecules, which are able to chemically interact with unsaturated metal centers (CUS) and enters in competition with AA. In this line, molecular simulations indicate that the ethanol molecules fixed on the CUS prevent the adsorption of AA. Since AA molecules are located in the large micropores formed by vacancies and distributed randomly, the observed discrepancy between theoretical and experimental capacity could be explained by diffusion issues of AA upon adsorption (Fig. S7). Moreover, in order to provide a deeper insight in the mechanism of interaction between AA and the PBA network, complementary calculations have been performed to estimate the interaction energy taken the hypothesis of the AA adsorption by physisorption (since Universal Force Field is unable to predict the formation of a covalent interaction). Firstly, the enthalpy corresponding to a physisorption at low coverage (1 molecule per cell) is estimated at 21 kcal.mol 1 , while the chemisorption involving a coordination bond between AA and Ni 2+ gives 27 kcal.mol 1 .

Such difference of 6 kcal.mol 1 in the enthalpies between the two mechanisms suggests a favourable interaction by coordinative bonds between AA and the PBA. obtained by Monte-Carlo (physisorption), but it should be mentioned that interaction between NH 2 and cyano-groups can be observed. In contrast, by considering chemisorption, a shorter distance of 1.79 Å between AA and Ni 2+ is found. The magnetic properties investigations on 1@AA reveal the typical behaviour closed to the one observed for the bulk

K + /Ni 2+ /[Cr III (CN) 6 ]
3 PBA. It is in good accordance with the size of the considered nanoparticles, which are much larger than the single domain critical size estimated at around 22 nm.
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Hence, the magnetic irreversibility was studied by applying the Zero Field-Cooled (ZFC)-Field Cooled (FC) procedure. The ZFC curve of 1@AA exhibits a peak with a maximum at 40 K, while the FC curve increases upon cooling (Fig. 2a). From the ZFC, the Curie temperature, T c , is estimated at 65 K, which remains unchanged upon functionalization (Fig. S8). The field dependence of the magnetization measured at 2.5 K shows a saturation value of 3.4 N in accordance with the ferromagnetic interaction between Ni 2+ and Cr 3+ ions and a hysteresis loop with a small coercive field of 110 Oe confirming the blocking of the magnetization (Fig. 2b, Fig. S9). 24 In spite of the low T c , the strong paramagnetism of 1@AA allows its interaction with a magnetic field even at room temperature as shown in Fig. 2c. The photoluminescence of 1@AA was investigated in details. Whereas 1 is optically inactive, 1@AA displays a green emission under excitation by a UV-lamp (Fig. 1c). Moreover, the nanoparticles could be re-dispersed in various solvents, such as water and ethanol, retaining their absorption (Fig. S10) and emission properties (Figs. S11,S12). Apart from minor blue-shift (e.g., 5 nm, at 300 K and 16 K, Figs. 3,S13), the solid-state emission spectrum of 1@AA resembles to what is observed for AA. The broad asymmetric emission band, centred at 500 nm, is ascribed to the AA fluorescence, 25 being excited from the UV to the blue spectral regions (290-435 nm, Fig. 3 and Fig. S14-S15). The slight blue-shift suggests an interaction between AA and the coordination framework when the chromophore is adsorbed. This is reinforced by the comparison of the excitation solid-state spectra for AA and 1@AA. Indeed, whereas the excited singlet states absorption dominates the AA spectra (vertical lines, Fig. 3), 26 a low-energy band at 435 nm is the main excitation channel of the 1@AA emission. This component, also seen in the excitation spectra of AA at 455 nm, is strongly dependent of the chromophore's concentration, as Fig. S12 shows for AA and 1@AA in ethanolic suspensions. This dependence is a strong argument favouring the modification in the environment of AA molecules (through - or intermolecular hydrogen bonds) upon adsorption within PBA. The possibility of this band be ascribed to a T n T 1 absorption (where T 1 and T n are excited triplet states), similar to what was reported for anthracene after protonation, 27 is discharged because here there is no sign of protonation. To go further in the photoluminescence characterization of 1@AA, the temperature dependence of the steady-state emission (Figs. S16-S20) and the thermal dependence of the emission lifetime (Figs. S21-S23) were studied. The emission integrated intensities of AA and 1@AA reveal a similar decrease as the temperature is raised from 16 to 300 K (Fig. S20), suggesting a comparable non-radiative transition probability for both samples indicating that the PBA does not induce extra-non-radiative pathways. The decay curves of both samples are well described by a single exponential function suggesting a homogeneous distribution of AA molecules. The lifetime () values (in the 10 9 s timescale) are in good agreement with a singlet-related emission. Despite an analogous trend with the temperature increase, we note a larger decrease for 1@AA. Thus, at 20 K, the value of 16.9 ± 0.2 ns is larger than that of AA of 14.7 ± 0.1 ns, whereas at 300 K the lifetime values decrease to 7.3 ± 0.1 and 8.8 ± 0.5 ns, for 1@AA and AA, respectively (Fig. S23). Such differences may be rationalised attending to the fact that the experimental transition probability may be expressed as

-1 = nr -1 + r -1
, where  nr and  r represent the non-radiative and radiative lifetimes, respectively, and that at 12 K  -1  r -1

. Thus, the greater lowtemperature  value of 1@AA indicates a decrease in the radiative transition probability caused by the adsorption of AA.

Nonetheless, the decrease in  as the temperature increases suggests the presence of competing thermally Energy / x10 3 cm -1 activated non-radiative mechanisms, being most severe for 1@AA, compared with AA. Further arguments supporting this conclusion are found by the absolute emission quantum yield (q). Despite the low q values measured for both samples, we note a larger one for AA (0.02  0.01 excited within 274-430 nm) with respect to that found for 1@AA that lies below the detection limits of our experimental set-up (< 0.01). The lifetime thermal dependence was rationalised using the classical Mott-Seitz model. [28][START_REF] Bunzli | Handbook on the Physics and Chemistry of Rare Earths: Including Actinides[END_REF] In short, the excited state lifetime is given by (T)= 0 /(1+exp(E/k B T), where  0 is the excited state lifetime value at T = 0 K,  the ratio between the non-radiative and radiative probabilities of the deactivation channel at T = 0 K, and ΔE the activation energy of the thermal quenching process. From the data best fit (Fig. S22), similar ΔE and α values were found for AA/1@AA (804 ± 98 / 758 ± 72 cm 1 and 41 ± 14 / 48 ± 17, respectively). The obtained ΔE values are in good agreement with the experimental energy difference between the high-wavelength component in the excitation spectra and the low-lying singlet emitting state (Fig. S13). In our experimental conditions, no noticeable changes in the photoluminescence features were detected below the magnetic ordering temperature.

In conclusion, we have shown that magnetic PBA nanoparticles could be easily post-functionalized by adsorption of an amino-luminophore. AA could be strongly adsorbed within the pores created by cyanometallate vacancies giving an exceptional thermal stability of the resulting functionalized nano-objects. In-depth analysis indicates a significant modification of the luminescence properties caused by the interaction between the AA luminophore and PBA framework while the long-range magnetic ordering is preserved affording bifunctional molecule-based nanomagnets. The proposed simple methodology could be extended to various functional guests and different PBA or others functional nano-objects in order to design multifunctional systems at the nanoscale.

  To confirm this hypothesis, molecular simulations (Monte Carlo and classical force field-based calculations) were performed (ESI). The pores size distribution (Fig. S6) shows the occurrence of two different porisity in the PBA network: tetrahedral sites of the cfc structure (pore diameter close to 3.5 Å) and larger elongated pores formed by cyanometallates vacancies with dimensions of 8 Å  8 Å  11 Å, suitable to accommodate AA (10 Å  5 Å  1 Å).

Figure 1 .

 1 Figure 1. a) Scheme of the synthetic strategy used in the post-synthetic functionalization of PBA nanoparticles; b) Photographs of 1 and 1@AA; c) Photographs of 1 and 1@AA under excitation with an UV lamp at 365 nm; d) TEM image of 1@AA. Inset: corresponding histogram of the size distribution. The solid line represents the fit with a Gaussian function.

  Fig.S7illustrates this interaction between NH 2 from AA and Ni 2+ of 2.39 Å

Figure 2 .

 2 Figure2. a) ZFC/FC curves performed for 1@AA with an applied magnetic field of 100 Oe ; b) Field dependence of the magnetization at 2.5 K for 1@AA; c) Photograph 1@AA interacting with a magnet at room temperature.

Figure 3 .

 3 Figure3. Low temperature (16 K) excitation and emission spectra monitored around 500 nm and excited at 365 nm, respectively for powdered AA and 1@AA.

nanoparticles by the 2-aminoanthracene luminophore to yield a bifunctional magneto-luminescent nanosystem. The photoluminescence properties of the fluorophore are found modified by confinement effet upon adsorsption, while the magnetic behavior of PBA is preserved.
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